approaches. This method is useful for whole imaging for intact morphology and will help to accelerate the discovery of new phenomena in plant biological research.
Introduction
was comparable to that of chloral hydrate-based solution-treated leaves, and indicated that ClearSee rapidly cleared leaf tissues.
To examine the stability of FPs with ClearSee treatment, UBQ10pro::H2B-mClover leaves were treated with clearing solutions for 4 days.
Scale-like solution did not fully remove the green pigmentation of the leaf, whereas the transparency of ClearSee-treated leaves was comparable to that of chloral hydrate-based solution-treated leaves (Fig. 2B, Bright Field) . With chloral hydrate-based solution treatment, autofluorescence was dramatically decreased but the fluorescence of H2B-mClover was completely diminished ( Fig. 2B ; chloral hydrate-based solution). In contrast, sufficient fluorescence of H2B-mClover was retained to be detected after ClearSee treatment. The nuclei were clearly observed in epidermal cells and vascular bundles ( Fig. 2B ; H2B-mClover).
To compare the transparency with fluorescent protein stability among each solution, we performed 3D imaging of UBQ10pro::H2B-mClover leaves (Fig. S2 ). We obtained images from 100 z-stacks with 1.0-µm intervals by 2PEM with 950 nm excitation. Although the fluorescence of H2B-mClover was detected to about 40 µm depth in PBS, the nuclei were clearly observed even at 100 µm depth in ClearSee-treated leaves (Fig. S2A, B) . In Scale-like solution-treated leaves, the signal intensity of H2B-mClover was decreased as depth increased and was difficult to detect at more than 70 µm depth (Fig. S2C ). The fluorescence of recombinant Venus was stable in Scale-like solution (Fig. S1 ), indicating that the remnant autofluorescence of Scale-like solution-treated leaves prevented the detection of H2B-mClover fluorescence. Consistent with this conclusion, the fluorescence of H2B-mClover was more strongly detected in ClearSee than PBS and Scale-like solution (Fig. S2A-C) .
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These results indicated that ClearSee rendered the leaf tissue transparent while maintaining the fluorescence of mClover.
To examine the causes of autofluorescence, we measured the autofluorescence spectrum with spectral imaging by 2PEM. Autofluorescence was observed in mesophyll cells of clearing solution-treated leaves (Fig. 2C ). The two independent emission spectra were detected with 950-nm excitation in mesophyll cells of clearing-solution-treated leaves (Fig. 2D) . The autofluorescence intensity, especially at > 610 nm, was dramatically decreased in mesophyll cells of ClearSee-treated leaves (Fig. 2D ). This spectrum corresponded to chlorophyll autofluorescence (Langhans and Meckel, 2014), which indicated that ClearSee diminished chlorophyll autofluorescence while maintaining mClover fluorescence (Fig. 2B,C) . The emission peaks in the 500-600 nm range were presumably caused by autofluorescence from the cell wall and other cellular components (Müller et al., 2013; Mizuta et al., 2015) . Such autofluorescence was still partly detected in ClearSee-treated leaves ( Fig. 2C,D ; ClearSee).
Confocal and two-photon imaging of ClearSee-treated tissues
Recently, we showed that 2PEM is valuable for in vivo deep imaging while avoiding autofluorescence in plant tissues (Mizuta et al., 2015) . However, 2PEM is not accessible to all researchers because of the equipment cost. To evaluate imaging penetration in ClearSee-treated tissues, we undertook confocal laser scanning microscopy (CLSM) observation of ClearSee-treated roots. Samples were imaged using a 25×
water-immersion objective lens [numerical aperture (NA) = 1.10, working distance (WD) = 2.0 mm]. We obtained images from 150 z-stacks with 1.0-µm intervals. Figure   S3 shows optical xy and xz sections of root tips in RPS5Apro::tdTomato-LTI6b lines, in Development • Advance article which the plasma membrane is labeled (Mizuta et al., 2015) . Although the 2PEM images showed higher contrast than those from CLSM ( Fig. S4) , both methods were capable of whole-root imaging to almost 100 µm depth (Fig. S3 ). Right panels of Figure   S3 (Fixed) shows the images of fixed root tips with the same optical setting as shown in left pales of Fig. S3 (ClearSee). Without ClearSee treatment, the signal intensity was decreased on the opposite side of the epidermis from the objective lens, even in 2PEM images (Fig. S3, Fixed) . Therefore, ClearSee-treated plant tissues were sufficiently transparent to be penetrated by a single-photon excitation laser (visible laser) and a two-photon excitation laser (Fig. S3 ).
To determine whether ClearSee allows multicolor imaging and monitoring of hormonal signals, we performed 3D imaging of ClearSee-treated DR5rev::3xVenus-N7;
RPS5Apro::H2B-tdTomato roots (Fig. 3) . The DR5 promoter marks auxin-responsive transcriptional sites (Ulmasov et al., 1997) . As in the case with RPS5Apro::tdTomato-LTI6b roots, whole nuclei of the root tip were observed both by CLSM and 2PEM ( Fig. 3A ; ClearSee). Higher-contrast images of nuclei were obtained by 2PEM compared with those of CLSM as observed for the plasma membrane (Fig.   3B ). The fluorescence of 3×Venus-N7 was observed around the quiescent center in the ClearSee-treated root tip ( Fig. 3A; DR5 ). The expression pattern driven by DR5rev in fixed root tips was consistent with that of live root tips ( clearly observed in the epidermis and vascular bundles. Although the signal intensity was decreased as depth increased, CLSM detected nuclei in the epidermis on the opposite side from the objective lens to 100-µm depth (Fig. 4C) . As observed for root tips, 2PEM showed higher contrast than CLSM (Fig. 4D ).
To determine whether ClearSee allows visualization of subcellular components in addition to nuclei and plasma membrane markers, we performed ClearSee treatment of 35Spro::mt-YFP and 35Spro::GFP-mTalin leaves, in which the mitochondria and actin cytoskeleton are labeled, respectively (Nelson et al., 2007; Oikawa et al., 2003) .
The localization patterns of mt-YFP and GFP-mTalin were similar in fixed and ClearSee-treated mesophyll cells (Fig. S5) , suggesting that ClearSee is suitable for imaging of subcellular components.
To assess the possibility of post-staining in ClearSee-treated tissues, we stained the cell wall with calcofluor white in ClearSee-treated leaves. We obtained images from 256 z-stacks with 1.0-µm intervals. As shown in Fig. 4E , the cell wall was stained with calcofluor white even in the mesophyll cells while maintaining the fluorescence of Development • Advance article
Visualization of phloem by whole-seedling imaging
The vascular system extends throughout the entire plant body to supply not only water and nutrients but also signaling molecules (Notaguchi and Okamoto, 2015) . Multiscale imaging from the subcellular to the whole-plant scales is required to assist with understanding the functioning of the vascular system. However, the vasculature is an internal tissue and is therefore difficult to observe with conventional microscopy. The vascular system consists of multiple tissues, such as phloem and xylem (Turner and Sieburth, 2003) . Previously, the phloem has been labeled with GUS for staining of whole leaves and seedlings, but GUS-stained images show low resolution at the subcellular level (Bauby et al., 2007) . The phloem also has been labeled with × 10 xy tiling array from 67 z-stacks with 10 µm-intervals using a 25× objective lens.
As shown in Fig. 7A , phloem patterning labeled with SUC2pro::RCI2A-mCitrine was Development • Advance article observed in the whole-seedling. Fig. 7B -E shows enlarged images from Fig. 7A but with the same resolution as Fig. 7A . The phloem was parallel to spiral-thickened xylem vessels in the root (Fig. 7B-E, arrowheads) . The phloem branched from the root into each cotyledon (Fig. 7C) . The venation pattern in the cotyledon was also observed in the ClearSee-treated seedling (Fig. 7B ), but not in the fixed seedling (Fig. S8) . Fig. 7F and 7G show ClearSee-treated seedlings of the SUC2pro::RCI2A-mCitrine line with rosette leaves. Phloem extension into the cotyledons, and subsequently into rosette leaves, was observed (Fig. 7F, arrow) . Thus, phloem development patterning was clearly observed after ClearSee treatment. Although it takes a longer time for clearing compared with seedlings, ClearSee diminished chlorophyll autofluorescence in adult plants after bolting (Movie 7). Taken together, these results showed that ClearSee is applicable for whole-plant imaging.
ClearSee is applicable to other plant species
To explore the applicability of ClearSee for other plant species, we cleared the gametophyte of the moss Physcomitrella patens. Although the moss protonema, which is the initial stage after spore germination, and the gametophore leaf cells are suitable for cellular and subcellular observation owing to their single-layered structure, observation of the apical region of the gametophore is difficult because of the complicated structure and autofluorescence. Fig. 8 shows the gametophore in the living and ClearSee-treated H2B-mRFP line, which was generated by inserting mRFP into the H2B locus in the wild type. In the living gametophore, strong chlorophyll autofluorescence was observed in the gametophore leaf cells ( Fig. 8A ; Live, Autofluorescence). Thus, the structure in the apical region of the gametophore was Development • Advance article concealed for both fluorescence and bright-field observations ( Fig. 8B ; Live, H2B-mRFP, Bright Field). In contrast, intensity of chlorophyll autofluorescence was decreased in the ClearSee-treated gametophore ( Fig. 8A ; ClearSee, Autofluorescence).
The H2B-mRFP signal was clearly observed even in the apical region of the gametophore as well as the gametophore leaf cells following ClearSee treatment ( Fig.   8B ; ClearSee, H2B-mRFP). These results suggest that the ClearSee clearing method is not limited to angiosperm tissues but is also suitable for non-vascular plant tissues while maintaining the stability of FPs.
Discussion
We developed ClearSee as a clearing reagent for plant tissues to allow deep imaging.
Plant tissues are difficult samples for deep imaging because chlorophyll and other cellular contents absorb light, and the complex geometry, including air spaces within tissues such as in the leaf and pistil, diffract light by refractive index mismatch.
ClearSee rapidly diminishes chlorophyll autofluorescence and substitutes it with a solution of high refractive index (ClearSee, 1.410; ClearSee.v2, 1.395) in the whole-plant body. The method is applicable for a variety of organs, such as the leaf, root, pistil, and seedling, of A. thaliana and the moss P. patens. Moreover, ClearSee allows deep imaging of the whole leaf and root, even by CLSM. This finding is advantageous for many researchers because CLSM is more commonly used than 2PEM.
In A. thaliana, the thickness of the root and leaf is approximately 100 µm and 150 µm, respectively, therefore CLSM with ClearSee should be applicable to these depths in other plant tissues. Nevertheless, 2PEM provides higher resolution and signal-to-noise Development ClearSee diminishes chlorophyll autofluorescence, but the fate of autofluorescence derived from other cellular contents remains unclear. The sources of autofluorescence in the emission range of 500-600 nm include phenols, flavins, polyacetylene, and isoquinoline in the vacuole, chloroplasts, and cell wall (Müller et al., 2013) . In mammals, aminoalcohol diminishes the color of heme in the blood by chemical screening (Susaki et al., 2014; Tainaka et al., 2014) . CUBIC, which includes aminoalcohol, allows whole-body imaging of mice to be performed owing to this property. Additional screening to identify chemical reagents to clear the residual autofluorescence with ClearSee would permit clearer and deeper imaging in plant tissues.
In the present study, we evaluated the utility of seven FPs (mTFP1, sGFP, mClover, Venus, mCitrine, tdTomato, and mApple) and that of fused proteins (free FPs, NLS, histone, and membrane proteins). This applicability of ClearSee could enable To date, phloem development has been mainly studied using mechanical sectioning for anatomical observations and/or GUS staining for gene expression (Bonke et al., 2003) . However, it is difficult to trace the continuity of vascular strands from mechanical cross-sections and analyze gene expression at the cellular level from whole-mount GUS staining. In ClearSee-treated seedlings, we performed whole-plant imaging to observe 3D structure from micro-to macro-scales. By obtaining merged images with a 25× objective lens, we could observe the vascular strands throughout the plant body even at the cellular level. Recently, it was suggested that vascular systems have a role in long-distance signaling in response to environmental changes by transferring mobile molecules, such as hormones, peptides, and RNA (Notaguchi and Development • Advance article Okamoto, 2015). ClearSee will be a useful technique for the study of such long-distance signaling in response to localized changes by whole-plant imaging at the cellular level.
Given the successful clearing of moss tissue by ClearSee, the reagent may be applicable to a wide range of plant species. We also demonstrated that ClearSee application is not limited to transgenic plants with fluorescent protein markers. The applicability of staining with chemical dyes also showed that ClearSee could be used for deep imaging in plant species that are not amenable to transgenic approaches.
Moreover, ClearSee is compatible with post-treatment staining with chemical dyes,
suggesting that ClearSee will permit incorporation of chemical dyes with fluorescent protein markers in transgenic plants. In the case of the pistil, we attempted to use a version with less detergent, ClearSee.v2, for clearing. Although clearing with
ClearSee.v2 required a longer treatment time than ClearSee, we obtained images with improved clarity after ClearSee.v2 treatment. Therefore, the concentration of the individual ClearSee components should be optimized for the specific plant species or tissues under investigation for improved image clarity and depth.
Materials and methods

Plant materials and plant growth conditions
For all experiments, Arabidopsis thaliana accession Columbia (Col-0) was used as the wild type. The following transgenic lines have been described previously:
RPS5Apro::tdTomato-LTI6b (Mizuta et al., 2015) 
